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SUMMARY 

' ■ An investigation has been conducted to obtain fund^entsil • - ' 

information retiulred for tbe design of a i^tiafactory tail-pipe' ■ ' ” 
b'umer for augmenting the thrust of turbojet engines. The perform- 
ance of 10 f ullf scale’' tallT-pipe burners was investigated oh a 
blower rig and a description and the operating characteristics of 
each are presented. Investigations were' also conducted to de-fcermine 
the combustion and pressure-drop pharacterl sties of the most satis- 
fabtofy burner, to develop a method of controlling the burner-outlet 
temperature distribution, and to improve the burner Ignition chafac- 
t'e3?i sties .'■■ 

A tail-pipe burner "was developed that operated satisfactorily 
over a range of fuel-air ratios -with inlet conditions of gas temper- 
‘eture and -velocity simulating those in a typical turbojet engine. 

The; average burner-outlet temperature was limited .to about 2110° F 
because of the limited air pressure drop available for burning. 'T*he 
performance of a similar tail-pipe burner, which incorporated the 
principles and design features developed, was investigated con- 
currently on a full-scale turbojet engine and operated satisfactorily 
up to nearly stoichiometric fuel-air ratio with an estiinated, outlet 
temperature Of 3540° F. 


INTRODUCTION ’ ' ' 

An investigation of various ine'thodB of thrust augmentation for 
turbo jet 'engines to improve the performance "of jet-propelled air- 
planes for take-off, climb, and combat conditions is being conducted 
at the NACA Cleveland laboratory. One metJiQd being investigated is 
the burning of additional fuel in the tail pipe of the engine in 



2 


WACA EM No. E7G03 




order to obtain higher gas temperatures than can be tolerated by the 
turbine. These higher gas temperatures result in increased ;Jet 
velocities and, consequently, increased thrust. 

An analysis that develops -the fundamental relations among the 
variables of the tail-pipe-burning cycle is given in reference 1. 
This analysis indicates' that the amount of thrust augmentation 
produced by a tail-pipe burner Is very sensitive to the pressure 
drop in the burner and that it is usually necessary to reduce the 
burner-inlet gas velocity in order to reduce these pressure losses; 
a reduction in burner-inlet velocity may also be necessary in border 
that stable combustion may be maintained. 

The experimental develoiment of a tail-pipe burner is primarily 
an investigation to obtain a satisfactory compromise between the 
requirements of providing turbulent low- velocity regions for flame 
seats' and of holding the friction pressure losses to a minimum. An 
experimental program was therefore instituted to obtain fundamental 
Information -required for the design of a tail-pipe burner for thrust 
augmentation of turbojet engines. 

For this investigation a full-scale blower rig, in which the 
turbine -discharge gas velocities and temperatures were simulated by 
means of a preheater and blowers, was used to avoid complication of 
an engine setup. The average burner-outlet temperature was limited 
to about 2110° P because of the limited air-pressure drop available 
for burning at the desired air flow. ' 

The 10 various types of tail-pipe burner investigated and their 
operating characteristics are described; The results of extensive 
studies to determine the combustion performance and pressure-drop 
characteristics of the most satisfactory burner and the results of 
an Investigation to control the burner-outlet temperature distribu- 
tion and improve the ignition characteristics are also presen-fced. 

A concurrent experimental investigation conducted at sea-level 
conditions with zero ram on a turbojet engine with a tail-pipe 
burner, which was a modification of burners developed during the 
program reported herein, is reported in reference 2. Altitude-wind- 
tunnel investigations at various ram conditions of a turbojet engine 
using a different type burner are reported in reference 3. 


INSTALLATION AND INSTEUMENTATION 

Test setup. . - A schematic diagram of the test setup, designed 
to simulate conditions in the TG-180 turbojet engine, is shown in 
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figure 1. Combustion air, supplied by a blower at a pressure of 
approximately 70 inobes of water gage, was beated to about 1100° F 
by a prebeater. The prebeater was provided witb an annular discharge 
section to simulate tbe turbine-discbarge area of tbe engine. Tbe 
bot gases then passed through an annular diffuser having an outlet- 
to-inlet area ratio of 1.5, This diffuser was formed by a central 
bone and an outer duct; tbe centoal cone was similar to the turbine-- 
discbarge cone of tbe engine except for slight modifications of tbe 
downstream tip. Following the diffuser was the tail-pipe burner 
sectio^ which consisted of a straight length of pipe 6 feet long 

and 25^ inches, in diameter. The diffuser-area ratio, and hence the 

burner diameter, were chosen to provide a satisfactory compromise 
between pressure losses in the burner and the ^diffuser and an 
increase in size of the engine tail pipe based on the operating 
conditions of a TG-180 engine. The exhaust gases were Bubseq.uently 
discharged through a nozzle and a straight pipe section (containing 
water sprays for cooling the hot gases) into an outlet diffuser, 
which was used to decrease the burner-outlet pressure and thereby 
increase the available pressure drop across the burner,. 

Instrximentation. - Gas temperatures (up to 2400° F) were 
measured by triple-shielded ohromel-alumel thermocouples, 16 each 
at the simulated turbine-discharge annulus (section A-A) , the burner 
inlet (section B-B), and the burner outlet ('Section C-C), as shown 
in the sectional views of figure 1. The thermocouples at the burner 
inlet and outlet were so axTanged in three concentric circles that 
both radial and circumferential temperature distribution could be 
determined. Burner-shell t^peratures were measured along the duct 
by chromel-alumel thermocouples spot-wlded to the outside wall. 
Temperatures were indicated on a self-balancing potentiometer. 

Static pressures were measured at each of the three sections by . 
means of four equally spaced static wall taps ooimected to a piezo- • 
meter ring. Fuel flows and combustion-air flows were measured with 
a rotameter and a calibrated thin-plate orifice, respectively. ■ 


DESCRIPTION AND OPERATING CHAEACTIRiariCS OF YAEIQUS 

TYPES OF TAIL-PIPE BURNER ' - - 

A series of eight burner configurations were investigated on ‘‘ 
the blower rig during the initial research program etnd progressive 
changes’ in design were made to determine the most .satisfactory burner. 
Two additional configurations were subsequently investigated' in an " 
effort to improve the performance of the most promising burner. For 
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the investigation of each burner, the preheater was first ignited 
and the simulated turbine-disoharge temperature vas set at about 
1100° F. Various ccanbinations of burner fuel-air ratios and inlet 
velocities -were then tried until a method of igniting each burner 
had been found. The burners were then operated with increased fuel- 
air ratios and inlet-air velocities until a limiting condition such 
as. extreme cycling, , blow-out, hot spots, or limiting air-supply 
pressure occurred. 

The fuel nozzles in all burners investigated were of an 
atomizing type and were flow-rated at an inlet fuel pressure of 
100 pounds per square inch. In still .air, these fuel nozzles 
produced a hollow-cone spray of finely atomized fuel at all fuel 
pressures greater than about 10. pounds per square inch. The fuel 
used during these runs was. AN-F-22 . • 

Each burner is designated by a number denoting its order in the 
process of development, ■ A brief description of each burner investi- 
gated during the initial research program and its Operating charac- 
teristics are presented. 

Burner 1. - Burner. 1 (fig. 2(a)) incorporated eight piyoted 
diffuser vanes that were installed in the annular turbine-discharge 
diffuser near the end of the, turbine-discharge cone. These radial 
vanes were set parallel to the direction of air flow for the non- 
burning condition (to reduce drag) and adjacent 'Yanes frere 
rotated 10° toward each other to form four diffusing and four 
contracting ' sections for burning. A spray bar containing three 
30-gallon-per-hour fuel nozzles, directed downstream, was located 
in each of the four diffusing sections. A spark plug was located 
in One of the diffusing sections 6 inchps downstream of the spray 
bar. This buraer was successfully ignited but burned with an 
extremely hot region, along the bottom of the duct probably because 
of poor mixing of the air and the fuel. 

Burner 2. - On burner 2 (fig. 2(b)) a pilot was installed in 
the tip of the turbine-discharge inner cone to provide a flame for 
Igniting and maintaining combustion. of the principal fuel supply. 

The end of the turbine inner cone was, replaced with a vaporizing 
cone perforated around the base with 48 vapor escape holes of 0.081-inch 
diameter. Fuel for. the vaporizing cone was supplied by a 37~gallon- 
per-hour fuel nozzle located inside the cone. The principal fuel for 
the burner was supplied by 12 fuel nozzles (30 gal/hr) submerged in 
streamline struts and arranged circumferentially around the outer wall 
of the turbine-discharge diffuser near the end of the turbine-discharge 
cone and directed toward the center line of the burner. The spray 

nozzles were arranged to protrude 2-|’ inches into the air stream to 
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provide penetration of tlie fuel into ttie air stream. The fuel was 
introduced in this manner in order to mix well with the air and was 
expected to burn on contact with the flame from, the pilot hurner. 

Two spark plugs were located just downstream of the pilot vapor- 
escape holes for ignition of the pilot flame. The hurner was 
successfully igiiited hut comhustion was accompanied hy violent 
cycling, which prevented the recording of performance data. 

Burner 5. - In an attempt to provide more uniform ,f uel distribu- 
tion and better mixing of the fuel and air in burner 3 (fig. 2(c)), 
alternate spray nozzles of burner 2 were replaced by. spray bars 
extending across the annulus, each spray bar containing three 
10.5-gallon-per-hour fuel nozzles directed downstream. This modified 
burner also cycled at all attentpted operating conditions, although the 
cycling was not as violent as that of the previous burner. The com- 
bustion efficiency was about 35 percent indicating that most of the 
fuel failed to bum. ‘ ‘ 

Burner 4. - In order to Improve further mixing of the fuel and 
air in burner 4 (fig.- 2(d)), the spray nozzles and bars (24 fuel- 
spray nozzles) were removed frcaa the outlet end of the turbine- 
discharge 4iffuser and 20 nozzles (21.5 gal/hr) were installed 
circumferentially around the inner wall at the inlet to the annular 
turbine-discharge diffusef . The nozzle tips extended about l/s inch 
into the air stream perpendicular to the surface of the turbine - 
discharge inner cone. The pilot and spark plugs ^ere unchanged. 
Stable combustion up to a fuel-air ratio of 0.010 and a maximum 
average temperature rise of about 500° P were obtained. Violent 
cycling was encountered, however, during operation at fuel-air ratios 
greater than 0.010, The combustion efficiency was about 80 percent 
for the range of operating conditions. The fuel flow varied errati- 
cally throughout the runs because of partial vaporization of the fuel 
in the supply lines and the fuel nozzles inside the burner. Observa- 
tion of the combustion during operation through a quartz si^t glass 
revealed that most of the fuel was blown along the surface of the 
turbine -dischetrge inner cone by the air stream and then burned in the 
wake of the turbine-discharge inner cone. 

Burner 5. - An attempt to eliminate cycling was made in burner 5 
(fig. 2 (e) ) by Changing the pilot from a vaporizing type to a direct ' 
spray-injection- type and by changing the location of the main fuel 
nozzles. The revised pilot consisted of a cylindrically shaped 
opening at the tip of the turbine-discharge cone within which was 
installed a 37-gallon-per-hour fuel nozzle. The only change to the 
shape of the turbine-discharge cone was to cut off the downstream 
tip, which had formed the vaporizing cone. The principal fuel supply 
was provided by a ring of 30 fuel nozzles (10.5 gal/hr) arranged 
around the outer wall pf the turbine-ijlsoharge annulus and directed. 
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toward the burner center line. Each nozzle projected into the gas . 
stream about 2 inches and was individually, connected to an exterior 
fuel-supply manifold. A'sparlc plug was located 3 inches downstream, 
of the turbine-discharge cone. The burner was successfully ignited 
but cycling was so violent that testing had to be discontinued. 

Burner 6. - In a further effort to eliminate cycling^ a circular 
flame holder was installed'ih burner 6 (fig. 2(f)) inches down- 
stream of the end of the turbine-discharge cone to provide a seat 
for the flame. The flame holder was semi toroidal > consisting of 
one-half of a 2-inch diameter tube rolled into a 15-inch diameter 
ring with an annular flat plate welded to the, open side . It was 
installed with the flat side facing downstream and supported by 
four 1-inch diameter tubular strut's connected .to the burner wall. 

Two spark plugs located 3 inches downstream of the flame holder 
were used in addition to the one used for the pilot. Although no 
cycling occurred for burner 6 over a wide range of fuel-air ratios, 
the combustion efficiency was only 25 to 30 percent. 

• ' - I 

Observation of the combustion showed no flame seated upon the 
flame holder, It was concluded that the fuel introduced upstream 
of the flame holder either failed to reach* the flame holder at all 
or that the local fuel-air ratio in the region of the sheltered ■ 
zone was too lean for ignition. 

Burner 7 . - The fuel nozzles were removed from the turbine- 
discharge annulus and replaced in burner 7 (fig. 2(g)) by a ring 
of 30 nozzles (10.5 gal/hr) directed upstream and mounted on a ■ 
15-lnch diameter fuel manifold (equal in diameter .to 'the flame 
holder) located about '4 inches upstream of the end of the turbine- 
discharge cone. The flame holder was relocated about 18 inches 
downstream of the end of the turbine-discharge inner cone. Two 
short spark plugs were Installed in addition to the spark plug for 
the pilot burner. One spark plug was located 3 inches downstream 
and the other 9 inches upstream of the flame holder. Observation 
of the flame showed good combustion with a flame seated upon the 
downstream face of the flame holder. Fuel vaporization in the fuel 
manifold and nozzles, however, limited fuel flow fo very low rates 
with attendant erratic, surges. This prevaporization also occurred 
with the fuel-spray nozzles directed downstream. , The observed good 
combustion was considered to be confirmation that the richer fuel- 
air mixture in the flame-holder sheltered region improved combus- 
tion over that of burner 6. ' ' 

Burner 8. - In order to eliminate prevaporization of the fuel 
in the manifold, the ifuel-nozzle manifold ring was replaced in 
burner 0 (fig, 2(h)) by 12 fuel nozzles (30 gal/hr) arranged in a 
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15-inc]a diameter circle and IndiTidually connected to an exterior 
fuel manifold. The fuel nozzles were directed downstream and the 
flame holder was located about 10 inches downstream of the nozzle 
tips. Two short spark plugs were used in addition to the spark plug 

for the pilot burner, one located Ig inches downstream of the fuel- 
spray-nozzle tips and one located 3 inches downstream of the flame 
holder. This burner maintained steady combustion over the entire 
• range of operating conditions. A preliminary investigation indicated 
high temperature .rise and good combustion efficiencies. Visual 
observation of the burning revealed a steady flame seated upon the 
downstream face of the flame holder. These results indicated that 
burner 8 was a ■promising configuration and a nfore extensive test 
program was conducted to investigate its performance . 

Summary of burner operating characteristics. - The following 
■table briefly summarizes the. general results of' the initial develop- 
ment program for the various burner configurations: 


Buimer 

Maximum 

combus- 

tion 

effi- 

ciency 

(per- 

cent) 

Maximum 

temper- 

ature 

rise 

(°F) 

Eemarks 

i 

1 

1 

2 


^ M M W* 

Extreme hot region along bottom of 
burner prevented taking da-ta 

Violent cycling prevented taking data 

3 

35 

160 

Cycling less pronounced than in burner 2 

4 

5 

80 

1 

■ 1 

1 

1 

504 

Cycling encountered at temperature 
rise of 500° E prevented further 
testing at higher temperature rises 

Violent cycling prevented taking data; 
no flame seated upon flame holder 

6 

7 

25 ! 

! 

1 

— 

1 

i 

140 ' 

Combustion downstream of pilot but no 
flame seated upon flame holder 

Good flame seated on flame holder but 
prevaporization of fuel limited fuel 
flow and caused erratic surges in 
fuel flow 

8 

(a) 

(a) 

Good flame seated upon flame holder; 
combustion and fuel flow steady 


®Perf oiTnance given in subseiuent sections. 
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Investigations were made of the comhustion characteristics of 
humer 8 with AN-F-22 and' kerosene fuels. I^ition characteristics 
of this burner were investigated with two spark-plug configurations. 
Modifications to improve the outlet temperature distribution were 
made to burner 8 to form burners 9 and 10. 

Ccanbustlon studies of burner 8 with gasoline. - The performance 
of burner 8 was extensively investigated to determine th© friotion- 
presBure-drop losses and .combustion characteristics. Because of 
blower limitations, air flows and prespures typical of a TO- 180 
turbojet engi^ne at maximum rated speed.? at sea, level (about 73 Ib/sec 

and 26^ Ib/sq. in. absolute, respectively) could not be obtained at 

the turbine -discharge section of the test setup. Typical turbine- 
discharge gas velocity (650 ft/aeo) apd temperature (1100*^ F) were, 
however, simulated with an air flow of 40 pounds per second at a 
pressure of about 15.5 pounds per square inch absolute , These 
conditions correspond to various combinations of operating condi- 
tions of a TG-180 engine one of which is an altitude of 30,000 feet, 
rated speed, and a ram-pressure ratio of 1.7. 

The friction-pressure drop was measured for th© condition of no 
burning in the tail pipe (isothermal condition) over a rang© of burner- 
inlet gas velocities from 320 to 440 feet per. second and inlet-gas 
temperatures from 550° to 1100° F. 

Combustion characteristics of the burner were determined over th© 
follovring rang© of "conditions : 


Air flow 
(Ib/sec) 

Simulated 

turbine- 

dis charge 

axial 

velocity 

(ft/sec) 

Burner- 
inlet gas 
velocity 
(ft/sec) 

Burner- 

inlet 

gas 

temper- 

ature 

(°F) 

Burner fuel- 
air ratio 

30 

480 

320 


0.0044-0.013 

35 

560 , 

370 


,0044- .013 

40 

650 

440 

1100 

.0044- .015 


Most of the runs were made at a burner-inlet gas velocity of 440 feet 
per second. 

V L 

Bedause burning fuel in the tail-pt'pe bOirner caused a' pressure 
drop, it was therefore necessary to increase the inlet pressure as the 
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fuel-air ratio* was ir^easea^.;.^Tte' bls^ejr. c^raoteristlos at the 
desired air flow (40 -ih/seoy Itfiiitad.^'^e presslire' rise, and hence 
the fuel-air fatl’6, to the values'. I'tsted In the previous table . 

For the combustion studies ’.pf^,' the' tati-pipe ‘burner, the pre- 
heater was Ignited at a low air .flow.. (SO to 25 lb /'sec) and, after 
conditions had stabilized, the' tal-l-pipe burner was l^ited. The air 
flow was then increased to the desired value and .the preheater fuel 
flow adjusted to provide .an oijtlet temperature of llcXD° F. 'With 
these conditions held constant, the .tail-pipe-burner fuel-air ratio 
was set at the desired value ani data readings were teken after 
equilibrium was established . 

'Combustion . studies of burner 8 with kerosene . - Because turbo- - 
Jet engine normlly use kerosene for .the main engine fuel, it was ’ 
considered desirable to investigate the performance of burner 8 
using ^JP-1 fuel., - A series .of runs were made at various fuel-air 
ratsio.& from; 0.008 to 0.014/ and inlet-air velocities from 350 to" 

440 feet per second using kerosene (JP-l) fuel. The general 
^-procedure was the same as that previously discussed for the combus- 
tion, studies of "burner's. For this investigation both 30-gallon- 
per-hoqr and 21. 5-gallon- per-hour fuel nozzles were used, ' The 
21.5-gallon-per-rhour nozzles were used in the fuel ring dpwT^tream 
of the.^ inner cone for all subsequent investigations. . ' , /' 

Investigation of ignition characteristics of burner 8. '- An “ 
effective tail-pipe burner for augmenting the thrust of military- 
aircraft must be capable of ignition with little time delay at the 
conditions of inlet velocity and temperature imposed upon the burner 
by the engine operating at maximum speed. Burner 8 was therefore 
investigated to determine the time required to ignite the burner at 
an inlet temperature of about 1100° F and with an inlet gas velocity 
of 400 feet per second. The runs were made with both two and five 
spark plugs located 3 inches downstream of the flame holder and with 

the electrodes extending within 7^. inches of the burner center line. 

The spark plug for the, pilot burner was in the location shown in 
figure 2(h) and remained unchanged throughout the tests. Ignition 
time lag, defined as the elapsed time from the opening of a fuel 
valve located at the inlet of the fuel manifold (figi 2(h)). until 
steady combustion was established, was determined for the range of 
fuel-air ratio from 0.007 to 0.014. JP-l fuel was used during these, 
runs. . 

* ■ ’ • - ■ ' ' 

Improvement in temperature 'distribu-tiion at- 'biimer outlet; 
burner 9, - The gas temperatures at the center of the ou-tile^ of 
burner 8 were lower than the average outlet temperature and ■ therefore 
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an attempt was made, to. Improve. tiio temperature distribution. Because 
burner 4 provided higher temperatures . in the center of the burner 
duct; a modification of this burner added to burner 8 to form 
burner 9. Four 40-gallon-per-hour fuel-spray nozzles were installed 
around the. turbine-discharge inner -cone . approximately 1 foot .upstream 
of the tip. Three arrangements . of the _ group of four nozzles (herein- 
after called the inner fuel nozzles), were investigated:- (l) The 
nozzles were directed downstream and parallel to the burner, center 
line; , (2) the nozzles, were directed inward at an angle of 90° to the 
burner center line; and (3) the nozzles ..were directed downstream and 
Inward, at an angle of 45° .to the. burner center, line. A sketch of 
burner 9 with the final nozzle arrangement is sho'wp, ie. figure, 3. 

With the fuel nozzles in each position, a series of runs was made 
for a burner-inlet gas temperature of about 1000° F and a burner- 
inlet, gas velocity of 400 feet per second. "The runs were made at 
various fuel-air ratios from 0.W8 to 0.016 with the fuel flow to 
the inside fuel ring varying from 0 to 60 percent of the total fuel 
flow to the tail-pipe burner. JP-1 fuel was used, during, these runs.. 

Improvement in operating range.; burner 10. - In order to increase 
the operating range of. burner 9, a small perforated basket was added 
to the tip of the turbine-discharge inner cone to form burner 10 
(fig. 4) and' additional rune, were made over 'a range of -fuel-air , 
ratios at an inlet-air velocity, of 400 feet per .second, Ihe fuel- 
nozzle arrangement was unchanged. The fuel used during the runs 
was JP-1. 


PlRFOa^AWCE OF TAIL-PIPE BDEWEES 8 TO 10 
Symbols 

The following symbols are used in this report: 
f/a fuel-air ratio for tail-pipe burner 
q.g burner- inlet velocity pressure, (lb)/(sq ft) 

T total temperature, (°F) 

Ap^ friction-static-pressure drop, (lb)/(sqft) 

APjjj momentum-pressure drop equal to measured static-pressure drop 

between stations B-B and C-C minus friction-pressure drop, 
(lb)/(sq ft) ■. , • . 

p. density, (slug)/(cu ft) ■ 
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y ^tolFT;^TfTT^ 

' * T.r ' •• 

Subscripts: 

B ■ burner ■ inlet (fig. 1) 

C burner outlet (fig. 1) 


Burner 8 . ■ 

Coitibustion studies vith gasoline. - The variation of tail-pipe- 
bumer temperature rise with fuel-air ratio for burner 8 at. several 
inlet gas velocities is shown in figure 5. The dashed; line is the 
theoretical temperature rise obtained from the charts o^ referen9e,4 
In the calculation of theoretical temperature rise, the gas- at, -the- 
burner inlet was assumed to have the properties of air at the burner 
inlet temperature. Because the preheater efficiency was very high,, 
no correction to the tail-pipe burner fuel-air ratio was made for 
unburned fuel from the preheater. The measured temperature -rises* ■ 
are approiimately equal to the theoretical values except for an 
‘experimental scatter of about 10 percent. The values of temperature 
.?ise plotted in figure. 5 may not be representative of the true 
average temperature rise because the readings of only 16 thermo- 
couples in an Irregular temperature field at the burner outlet • 
(fig, 1, section C-C) were averaged to obtain these temperatures 
and also because of the errors attendant with measuring high gas 
temporatures with thermocouples lirnnersed in a flame ■. ■ ■ 

At high fuel-air ratios, a few of the thermocouples .at the. 
burner outlet indicated temperatures in excess of -2400° F ,.(the ■ 
limit of the potentiometer scale). Talues for these temperatures 
were obtained by plotting the- thermocouple reading at lower values 
of outlet temperature against the fuel-air ratio and extrapolating - . 
the curve to temperatures above 2400° F, , Because the errors in'. tem,- 
perature measurement are believed to be small compared to . the t^" ' 
perature rise, the close agreement of. the measured average t^per-. 
ature rise with the theoretical temperature rise indicates that 'the 
burner .efficiency . is high, 

,, Because of the limited pressure available from. the blower, the 
investigation was limited tP.a burner temperature rise of 1010° F, 
corJCesponding to a burner-outlet , temperature.' of 2110^ F. This tern- ■ 
perature rise was obtained for ,a fuel-air ratio of 0.015 at. a 
burner-inlet gas velocity of : 440 -feet per second. Stable and 
satisfactory combustion was maintained, over.- the entire range of 
operating conditions . The range- of -operation ;of a similar tail- .. 
pipe burner was more completely investigated on the engine setup of . 
■reference 2-. The burner used for the .investigation of reference. 2 
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was essentially a combination of ‘burners 4 and 8 and is Illustrated 
in figure 6. Euns were made with this "burner at rated engine speed 
with zero ram, sea-level inlet conditions up to -a nearly stoichio- 
metric fuel-air ratio of 0.043, and an estimated burner-outlet tem- 
perature of 3540° F; stable and efficient combustion was obtained 
throughout the range of operation. The tall-pipe-burner inlet pres- 
sure for this engine investigation was about 26 pounds per sq.uare 
inch absolute as compared to about 15.5 pounds per square inch for 
the runs in the blower rig. 

A typical outlet-temperature-dietribution curve for burner 8 is 
shown in figure 7, (inlet gae velocity, 440. ft/sec; fuel-air ratio, 
0.0089). The numerical average outlet temperature (1700° F) is 
Indicated by the dashed line. The radial temperature variation is 
approximately 600° F with the highest temperatures occurring near 

the flame-holder radius (7^ in.) and the lower temperatures near the 

center and walls of the burner. The cool layer of air near the walls 
of the burner was considered to be desirable for simplicity and light- 
ness, because the .necessity for external cooling of the burner walls 
was eliminated. Some sacrifice in thrust augmentation must be made 
at fuel-air ratios near stoichiometric, however, because of the 
imbumed portion of the air. 

The isothermal friction- pressure-drop coefficient, which is 
defined as the ratio Ap^/qg, is plotted against burner-inlet 
velocity pressure qg in figure 8 for' various inlet-gas temperatures. 
The friction-pressure-drop coefficient has a. constant value of 0.33 
over the entire rarge of experimental conditions. 

The ratio of the momentum-pressure drop to the inlet velocity 
pressure Ap^/qg is plotted against the i-atio of inlet to outlet 
gas density for yarioua’ burner-inlet gas velocities in figure 9. • It 
is apparent that the measured momentum-pressure drop is less than the 
theoretical pressure drop shown by the dashed line. 

The measured momentum- pressure drop and the fundamental equation 
for ideal momentum-pressure drop may be used to calculate a burner 
temperature rise, The ratio of the calculated temperature rise to 
the theoretical temperature rise corresponding to the measured fuel- 
air ratio is a combustion efficiency. A calculation of this combus- 
tion efficiency from the data of figure 9 resulted in a value of 
approximately 80 percent. Because the average measured temperature 
rise (fig. 5) is probably high due to the arrangement of the small 
number of thermocouples in the irregular temperature field at the 
burner outlet, the combustion efficiency of about 100 percent 
obtained from the measured -temperatures is probably higher than the 




NACA EM No. .E7@03 ’ 


13 



true value. ■ The true 'value of Qombustion efficiency probably lies 
between, the values obtained from the momentum-pressure-drop data and 
from .the temperature-rise data, or bet'ween 80 and 100 percent. 

, Combustion studies with lfero,sene. -'Nhen burner 8 was operated 
with kerosene (JP-1) and the 30-gallon-per-hour fuel nozzles, igni-. 
tion was very difficult and req.uired considerable manipulation of 
the fuel and air flow. Ignition- occurred more easily and q.uickly, 
however, when the 30-gallon-per-hour fuel nozzles were replaced 
with 21. 5-gallon- per-hour nozzles. This difference in ignition' 
oharaoteristicB was attributed to improved atomization of the 
kerosene by the attendant higher fuel, pressures rep^uired for. the 
same, fuel flows. • , ' . . ' ■ . • 

A comparison of the results of the combustion studies of. 
burner 8 using AlJ-F-22 fuel and 30-gallpnrper-hour fuel nozzles ' ' ' 
with the results of the combustion studies of the same burner using 
21.5 gallon-per-hour fuel nozzles and JP-1 fuel revealed no signi- 
ficant difference in ccmibustlon efficiency nor stability. 

Ignition oharaoterlstics . - The results of the ignition tests 
of burner 8 are aho-wn . in figure 10 in which the ignition time lag. ■ • 
is plotted as a function of fuel-air ratio for two spark-plug con- 
figurations. Although the fuel flow could be '■set at the desired • 

value almost instantaneously, a short’ time in-berval,- which is 
included in the ignition time lag, is req.uired for 'the fuel: to fill 
the manifold and for pressure -to build up in the fuel nozzle. 

Because this interval will- probably also be necessary in an alrcraf't. ’ 
application, the present results are .representative of the ignition- 
time expected for an actual engine installation. The ignition time 
lag decreased as the fuel-air ratio increased and when five spark 
plugs were used it reached a value of about 4 seconds at a fuel-air 
ratio of 0.0125. When the number of • spark plugs was , decreased 
from five to two the ignition time lag increased about 9 seconds. 

Buns made with both continuous spark and -with the- spark used 
only for .starting indicated that no effect on combustion resulted 
from turning off. the spark af.ter ignition. ■ • • 


■ ■ - . ' Burner 9 . ■ ■ 

No improvement in temperature distribution over that of burner 8 
was obtained when the. fuel nozzles were directed either ' parallel or • 
at an, angle of 90° to the, burner center line,' The results of the 
runs .witl^ the fuel nozzles directed downstream- at 459 to -the: burner . 
center line, showed .a oo.nsiderable increase in the ‘temperatures ‘at the 
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center of the burner. Visual observation through a sight glass' 
showed that the fuel burned in the turbulent wake of the turbine- 
discharge, cone, which acted as a flame holder in the center of the 
burner. The radial temperature gradients obtained for various per- 
centages of the total fuej. flow to the inner fuel nozzles are .shown 
in figure 11. In this figure,, the ratio of the average outlet gas 
temperature at .a, constant radius to the average inlet -gas tempera- 
ture is .plotted against the distance of the theimiocouple rings from 
the burner center line. These curves show that the temperature ■ 
distribution csn be controlled by varying the proportion of the total 
fuel flow injected through the inner fuel nozzles, tirith all the fuel 
going to the outer nozzles, a distribution similar to that of fig- 
ure 7 is obtained and as the proportion of fuel' to the inner nozzles 
is increased, the temperatures at the center of the burner increase. 
With about one-third of the fuel being injected through the inner 
nozzles, the temperatures at. the center of the burner are about eq.ua! 
to those at the flame-holder radius. For each condition shown, the 
temperatures near the wall of the duct remained relatively low 
compared to the interior gas temperatures, thus eliminating the need 
for external cooling of the burner shell. 

Although the arrangement of fuel- injection nozzles and the 
sheltered flamei-holder regions permitted control of the temperature 
distribution at the burner outlet, the range of control was limited 
by blow-out Qf the flame frcan the fuel injected through the inner 
fuel nozzles. In repeated attempts to operate with an over-all fuel- 
air ratio of 0,010, an inlet gas velocity of -about 400 feet per 
second and, an' inlet temperature of about 1000° F, the flame from the 
inner fuel nozzles blew out when the fuel flowing to the inner fuel ‘ 
nozzles was increased to 60 percent of the total fuel q,uantity. 


Burner 10 

By the addition of the perforated basket in burner 10, it was 
possible to increase the percentage of fuel flow to the inner fuel 
ring to about 65 percent with a total over-all fuel-air ratio of 0.010 
and an inlet gas velocity of about 400 feet per second before blow-out 
occurred. No changes in ccmibustion efficiency based on the measured 
temperature rise between burners 9 and 10 could be detected within 
the accuracy of the data. The temperature distribution at the burner 
outlet was the same as that of burner 9, 

The results of the investigation of reference 2 indicated that •' 
approximately the sarnie limitations in percentage of total fuel flow to 
the inner fuel-nozzle ring existed' at a fuel-air ratio of- 0,043. 
Although the fuel nozzles installed in the inner cone near the turbine 
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discharge are on a larger diameter than those arranged downstream of 
the inner cone^ they are considered to he the inner fuel-nozzle ring 
because the fuel in^cted from them remained near the ■ surface of the ' 
inner cone and burned in the tenter of -the duct. 


SUMMAEY OF EESULTS , 

An investigation on a full-scale blower rig of 10 tail-pipe 
burners has resulted in the design of a tail-pipe burner that 
Incorporates a simple semitoroidal flame holder and atomizing type 
fuel nozzles so arranged that they provide rich fuel-air ratios in 
the sheltered flame-holder zones. Combustion studies of this burner 
showed that stable combustion- with a high ccanbustion efficiency 
(80 percent or more) is obtained at an inlet velocity of 440 feet ' 
per second, a nominal inlet pressure of 15.5 pounds per sq.uare inch, 
and an inlet- gas temperature of 1100° F oyer a range of fuel-air 
ratios from 0.OO44 to 0,015, • ' ' ■ . , 

The isothenoal frictiOn-preasure-drop coefficient, defined as 
the ratio of friction pressure drop to inlet velocity pressure, 
was 0,33, The funs on the blower rig were limited to a burner - 
inlet gas temperature of 2110° F by the pressure of the available 
air supply; the performance of a similar type burner, which ■■ 
incorporated the principles and ’design features developed herein, 
was, however, concurrently investigated on a full-scale ’turbojet 
engine, up to nearly stoichiometric fuel-air ratio (an estimated 
outlet temperature of 3540° F) with stable combustion over the 
entire range. The gas temperatures near the walls of the burner 
were relatively low, which eliminated the necessity for external 
cooling of the burner shell. The temperature distribution at the 
burner outlet could be controlled by appropriate grouping of the 
fuel nozzles and flame-holder-sheltered zones and by varying the 
percentage of fuel injected in the various sheltered zones. 

The burner combustion characteristics over the limited range 
Investigated were the same for kerosene and gasoline. Tests with 
various numbers of spafk plugs located downstream of the flame 
holder showed that ignition could be accomplished at a burner-inlet 
velocity of 400 feet per second and an inlet temperature of 1100° F, 
The ignition time lag, defined as the length of time req.uired from 
the opening of a fuel valve until combustion had been established, 
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decreased as toth. the fuel-air ratio and the number of sparh plugs 
was increased and, when five spark plugs were used, reached a value 
of about 4 seconds at a fuel-air ratio of 0,0125. 


Flight Propulsion Eesearch Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio. 
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Figure I. - Schematic diagram of setup for tai l>pipe*-burner investigations. 


NACA RM NO. E 7 G 03 #COiTFI DENTt AL. 




Fig. 2a, b 


C0N51 DENTl AL^' ■ 


NACA RM NO. E7G03 



( a ] Bu rne r I . 



{ b) Burner 2. 

Figure 2. > Schematic diagrams of burner configurations I to 8. 
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(c) Burner 3. 



Figure 2. - Continued. Scriemattc diagrams of burner configurations 

I to 8. 
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Figure 2. - Continued. Schematic diagrams of burner configurations 

I to 8. 
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Figure 2. - Concluded. Schematic diagrams of, burner configurations 

I to 8. 
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gu re 5. - Variation of temperature rise with fuel-air ratio at var- 
ious burner-inlet gas velocities for tail-pipe burner 8. Fuel, 
An-F-22. 
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Figure 7 . -Tempe ratu re distribution at outlet of tail-pipe burner 8. In 
let velocity, 440 feet per second; fuel-air ratio, 0.0089; fuel, 
AN-F-22. 
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Figure 8. -Variation of Isothermal f r i ct'ion-p ressu re-d rop coefficient 
with i n let- ve loc i ty pressure at severat burner- inlet gas temperatures 
for tai l-pipe burner 8- 
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Figure 9. -Variation of momentum pressure drop with density ratio across 
' burner 8- Fuel,, AN-F-22. 
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Figure lO.-Variat ion of ignition time lag with fuel-air ratio for two 
spark-plug configurations in burners. inlet gas temperature, 

I 100° F; inlet -gas velocity, 4-00 feet per second; fuel, JP-I. 
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Figure 11. -Radial temperature distribution for various percentages of 
total fuel flow to inner fuel nozzles- for burner 9. Burner-inlet gas 
velocity, 400 feet per second; burner total fuel-air ratio, 0.010; 
fuel , JP- 1. 


